In this research, spin-transport properties of the B 24 N 24 molecule, when it is connected through a single and multiple atom contacts to two ferromagnetic electrodes have been investigated using the Landauer formula and the non-equilibrium Green's function. The results show that the current has a stepwise behavior against the bias voltage; the off state of the B 24 N 24 molecule occurs at low voltages, independent of the type of contact. The characteristic of the current in terms of the gate voltage is dependent on the contact type in usage, and generally less for single contact configurations as compared to those seen in multiple contact configurations. In the case of contacting one atom of the B 24 N 24 molecule to electrodes, the B 24 N 24 has conduction property, while in multiple contacts it shows property of a semiconductor. The Tunneling Magnetic Resistance (TMR) contained three peaks no matter of the contact type, and whose maxima for single and 4-atom (about 42%) and for 8-atom (about 37%) all occurred at zero bias voltage. The maxima of TMR for 6-atom arrangement went up at the bias voltages − 1.2 V and + 1.2 V, about 53%. And, last but not the least, the TMR maxima change locations as the voltage increases.
Introduction
Recently, a number of novel and promising physical phenomena, like tunnel magnetoresistance (TMR), nonlinear current-voltage characteristics, e.g. switching between conductance and its quantization [1] [2] [3] [4] [5] [6] [7] [8] [9] , are recorded in electron and spin-polarized transport via single molecules. These physical features promised important uses in the prototype devices as the read-heads of modern hard disk drives, nonvolatile semiconductor memory and other electronic applications in the range of the nanoscales [10, 11] .
TMR, as a magnetoresistive impact, shows off in a magnetic tunnel junction (MTJ), which is a component containing two ferromagnetic materials isolated using a thin insulator. If the insulating layer is thin enough (on the order of nanometers), then electrons can build a tunnel from one ferromagnetic material into another.
In recent years, the spin-polarized transport passing through organic molecules coupled to magnetic contacts has been studied theoretically using density functional theory or the tight binding model [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The outcomes have demonstrated that, alteration of the contacts magnetic alignment can considerably influence the electronic current in the molecular devices. The researchers report that using the tight-binding technique, TMR values more than 60% have been attainable for a single C 60 molecule connected to two ferromagnetic electrodes with finite cross sections [21] . Furthermore, the theories anticipated that the spin-orbit interaction and spin-flip scattering are among the most significant properties of the organic molecular systems and a main advantage for applications in molecular spintronics [22] . Also, it has been revealed that the magnitude and sign of TMR can be altered within a range of barrier materials [23] . For a single C 60 molecule located between two ferromagnetic Ni leads, the values of TMR can reach up to − 80% [24] .The TMR ratios more than − 60% were also achieved for Co/C60/Co/Ni connections. In the same way, alteration from − 63 to − 94% was observed in TMR [25] . In practical applications, the TMR impacts can be detected in systems with spin-polarized transport, comparable to single and multi-walled carbon nanotubes (MWCNT), semiconductor quantum dots linked with a molecular bridge, organic thin films, and self-assembled organic monolayers [26, 27] .
Jullière [28] , for the first time in 1975, reported the TMR impact in Fe/Ge-O/Co-junctions. Since the reported TMR values were too small at temperature of 4.2 K, they could not be used in the industry. In another study, Miyazaki and Tezuka [29] reached large values of the TMR. Moodera et al. [30] expanded a new production procedure to achieve the smooth and the pinhole-free Al 2 O 3 deposition requirements.
Electronic transport via single molecules is intensely affected, respectively, by the role of metal/molecule interaction, the molecular orbitals energies, particularly, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) as well as the geometry corresponding to the contact between the tip and the molecule. Wu et al. demonstrated that the connection between the molecule and the two electrodes and the energy gap between the HOMO and the LUMO of the molecule can be used to control the transport features [31] . Using a tightbinding model, Paulsson et al. showed that the toughness of the metal/molecule interaction and the geometry representing the contact between the tip and the molecule have main roles in the strong rise-up of the conductance [32] .
Recently, electron transport via BN structures was investigated in references [33] [34] [35] [36] [37] . Gupta et al. studied features of the spin-polarized transport of the doped BN monolayers [34] . The spin-polarized electron transport of BN nanoribbons was studied by theoretical approaches in [36] . Photoluminescence, Coulomb blockade, and super magnetism features were also observed in the B-N materials researches [38] .
The B-N cages have obtained attentions among scientists due to their perfect symmetrical structure, shape, and electronic features [39] [40] [41] [42] [43] [44] . In an empirical study, Stephan et al. illustrated that the diameters of the B-N cages can be altered from 0.4 to 0.7 nm [43] . Last, but not the least, the B-N cages can be formed using square, hexagon, and octagon rings by substitution of B and N atoms [42] [43] [44] .
The noticeable contribution of the paper is to, as it has not been done before, to the best of the authors knowledge, is to evaluate the beneficiary results of the B 24 N 24 contact types as the molecule experience different orientations. We remind interested readers that the outcomes of this study on the analysis of TMR and molecular magnetic characteristics have practical significance in optoelectronics. Figure 1 shows the corresponding geometry of the magnetic junction in which a B 24 N 24 molecule makes a link between two semi-infinite ferromagnetic electrodes. For such a system, the Hamiltonian can be written as [45] :
Method
where Ĥ , Ĥ C , and Ĥ C , indicate, respectively, the Hamiltonians of the electrodes on the left (L)/right (R) sides, the channel Hamiltonian and the coupling matrix between the plane atomic orbitals of the leads and the channel.
As a tight binding approximation of the FM electrodes' Hamiltonians, we have used: in which, for the closest neighbor atoms, the hopping integral t i ,j equals t 0 . In Eq. (2), , = 0 − ⋅ h , and the onsite energy 0 of electrode equals 3t 0 . Also, h and − ⋅ h refers to the field of the molecule and the inner exchanged energy, accordingly. The creation (annihilation) operator of an electron is shown by symbol c + i , ( c i , ), too. In [21] , authors have shown the relation between bond dimerization and their effects on specific electron transport. Consequently, hopping intensity ( t i ,j ) in B n N n molecule is dependent upon the length of B-N bond which will be calculated based on the SSH model [46] . The Hamiltonian of the channel in the absence of the FM electrode, then, can be stated as the followings [45, 46] : ( d ic, ), C , 0 and y ij are, in turn, creation (annihilation) operator of an electron, the gate voltage that controls the on-site energy of the channel C , the electron-lattice weak coupling constant corresponding to the bonds between B and N atoms, and the variation of inter-atom bond between ith and jth atoms. The K 0 is the spring constant associated to the B-N bonds. Lastly, the impact between channel and FM leads can be expressed as:
where t i ,j c = t � refers to the hopping elements between the sites i of the lead α and the sites j of the molecule. The transport is considered to be ballistic and the resistance, resulted from the contacts. The influence of spin-flip scattering is neglected in computations as the organic molecules' diameter is smaller than their spin diffusion's length [38] . Consequently, the Landauer formula is used to estimate the spin-dependent electric current [46, 47] :
where = E f ± 1 2 eV b refers to the electrochemical potentials corresponding to the electrode α, and h,the Planck's constants, e, charge of a single, and f, function of the Fermi distribution.
According to [47] , the spin-dependent transmission function related to the system, T ( , V b , V g ) can be computed by the use of an energy level , under the external V b (bias voltage), V g (gate voltage) and the NEGF technique:
Here, the Green's function for retarded (advanced) is represented as G r(a) C, in which is the spin. For an external V b and V g , the Green's function, the coupling functions , and the self-energy matrix ( ∑ L, ) for the lead α, all, can be stated as:
in Eq. (9), ̂C , indicates the hopping strength between the lead α and the molecule. The function of surface Green ( g , ) can also be computed with the help of the Lehmantechnique for the uncoupled FM electrodes [46, 48] . The elements of the matrix surface green, specifically, can be written as:
Where k = (l x , l y , k z ), z = + i H e r e , l x.y are integers from the set 1, … , N x.y , k z ∈ − a , a and N with = x, y, z , the numbers of the lattice sites in the direction of .The Green's function can be
(k) = 2t cos l x N x + 1 + cos l y N y + 1 + cos k z a predicted by resorting to the bonds length's convergence of variations as cited in [49] . Then, the TMR ratio can be obtained by the use of the general definition: in which, I p and I a present the aggregate currents in the parallel and antiparallel magnetizations orientations in the leads, respectively.
Results and discussion
In the previous section, we examined the spin-dependent transport and TMR impact of the B 24 N 24 molecule based on the procedure introduced in that section. We have assumed that leads and the B 24 N 24 molecule are reflections of each other; that is symmetrical, with respect to the plane passing via the mass center of the molecule. When the molecule is close enough to an electrode, the B 24 N 24 molecule can create a connection, first, to predefined (for the purpose of calibration) number of B and N atoms and then, to two symmetric leads as mentioned above. The B 24 a combination obtained from 12 squares, 8 hexagons and 6 octagons [50] . As a result, either single or multiple connections may be observed to be available as the molecule direction alters the number of contact points in the presence of the two electrodes linked to the B 24 N 24 molecule. Here, in this research, we choose molecule orientation in a way such that to observe coupling between two ( Fig. 2a ) or four (squares in Fig. 2b ) or six (hexagons in Fig. 2c ) or eight (octagons in Fig. 2d ) atoms of the molecule to corresponding atoms of electrodes (Fig. 2) . To this end, we adopt the appropriate factors to model the energy gap and the bond lengths of the B 24 N 24 molecule [51] . To accomplish this, Magnetization is fixed in the +y direction of the left electrode, whereof it may switch between the +y and -y directions of the right electrode. The values of the applicable factors are chosen to be proportional to the energy gap and bond lengths of the B n N n molecule, that is, t 0 = 1 eV, t′ = 0.5t 0 , α = 2.06 eV/Å, h α = 1.5 eV, T = 300 K, N x = N y = 5, and K = 250.0 eV/A 2 [51] . The current intensity might be modeled from a set of models such as the one, a two-current model, as adopted here. Due to the magnetization orientation of the junctions, the total current is split into two partial currents, namely, the spin-up electrons and the spin-down electrons. The inherent alteration of the magnetization of a magnetized ferromagnetic, itself, is a consequence of the difference between the density of their up and down spin states. This causes the magnet to have more states accessible for one spin orientation than the other.
As a key performance index, the band gap has its own impacts on the transport features via molecular connections. For the B 24 N 24 molecule, the degeneracy is traced against the energy in Fig. 3b . The gaps in the energies of the B 24 N 24 molecules are depicted in Fig. 3 . The comparison of Fig. 3 with other studies nearly justifies the agreement of the energy gap and the energy levels with that of the B3LYP/6-31G estimation [51] .
In Fig. 4 , the B 24 N 24 molecular transmission spectra are depicted as functions of contacts' types, respectively, for parallel (-) and antiparallel (--) configurations and V b = 0 V and V g = 0.5 V. The number, positions and widths of peaks are dependent upon the contact type. For example, for a single atom contact, there are six peaks, for 4-atom contact, four peaks and for both 6-atom and 8-atom contacts, two peaks. In the 6-atom contact, the distance between the two transmission peaks are longer that those observed in other cases. In this case, the channel resistances are apparently more as compared to the other contacts. As a This is caused by lack of SDOS in FM electrodes for spinup and spin-down electrons as well as by intra-molecular tunneling phenomenon. Figure 5 illustrates the I-V characteristics of B 24 N 24 molecule in the presence of both the parallel and antiparallel magnetic fields for different types of contacts. As a direct effect of the parallel/antiparallel transmission spectra, different currents are produced [23] .
Also, we can see from the figures, all the I-V curves show a stepwise behavior independent of contact's type. Besides, in comparison with Fig. 4 , it can be pointed out that the higher number of peaks in the contacts' transmission spectra, the more stepwise variation of the outcomes in I-V curves.
Furthermore, different types of contacts give rise to different off-state voltage interval of the device. To be more specific, for single atom contact (Fig. 5a ) it is (− 0.4 v… + 0.4 v), for 4-atom connection (Fig. 5b) , (− 0.25 v… + 0.25 v), for 6-atom contact, (− 1 v… + 1 v), (Fig. 5c ) and finally, for 8-atom contact, nearly equal to zero volts (Fig. 5d ). For all the cases, the off-states of B 24 N 24 happen at low voltages, then as the bias voltage rises, current increase fast, since density of states (DOS) around the Fermi energy level are practically equal to zero [52] . , the parallel configurations produce higher currents compared to antiparallel configurations; besides, their TMRs are also positive. The figure also shows that TMRs include three peaks no matter of the contact type, and resultant maxima for single and 4-atom (about 42%) and for 8-atom (about 37%) all occur at zero bias voltage. The maxima of TMR for the 6-atom arrangement occur at bias voltages − 1.2 V and + 1.2 V, which is about 53%. Moreover, as the applied voltage increases, the value of the maxima displaces, too. For the Boron Nitride Fullerene, the TMR also decreases first as the applied voltage increases. Thus, our calculations are consistent with similar studies [30] .
In order to realize more specific features of B 24 N 24 molecule, effects of the gate voltage on the corresponding currents are depicted for V b = 0.5 V in Fig. 7 . From the figure, a first result is that only for the single atom contact, the current is steadily flowing and thus, molecule displays characteristics of a conductor. In addition, there is a roughly symmetric behavior with respect to the gate voltage V g = 0. From a different point of view, for a single atom contact and at only specific voltages (± 1.5 v, 0 v, ± 0.5 v), currents increase impulsively, while for the multi-atom arrangements, the device switch between off/on states within different intervals; as a result, the molecule can be characterized as a semiconductor. More examination of the I-V curves reveals that, no matter of the contact types, the current jumps up impulsively when the gate voltage is greater than 0.5 V. Also, the maximum current flowing through the single-atom contact is smaller than those measured in the multiple-atom contacts. Figure 8 demonstrates TMR of the B 24 N 24 versus the gate voltage at V b = 0.5 V. Here, when the gate voltage is applied, number of peaks rises and the TMR's maxima at higher voltages decrease. The gate voltage is used as a control knob of the electron density and thus, the resistance. As the gate voltage rises, HOMO and LUMO peaks moves towards domains of energy windows. In this condition, the mechanism of the flowing current is that of the resonance tunneling type. Therefore, the gate voltage, through adjustment of the bonds' states, can be used to manipulate the spin polarization of the carriers in resonance tunneling; this is a desirable feature in logic gates whose control is based on the molecular spins.
Conclusion
Using the theory of the NEGF and the Landauer formula, the effects of contact type and gate and bias voltages have been studied on the electronic properties of the B 24 N 24 cage as it is placed between two ferromagnetic electrodes. For the calculations purposes, the coupling through the one and the multiple contacts of B 24 N 24 to the single atom of each electrode was considered. Our results indicated that the effects of contact type, gate voltage, and bias voltages are important factors in electron transport through the B 24 N 24 molecule. Also, TMR ratio and I-V characteristics of the molecule depend on the type of contact. 
